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Photocatalytic treatment of phenol and 2,4-dichlorophenol in a solar
plant in the way to scaling-up
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Abstract

The photocatalytic treatment of phenol and 2,4-dichlorophenol (2,4-DCP) has been tested by using titania in suspension as
catalyst. Experiments were done at the solar facilities of the Plataforma Solar dd&\(®pain). Two experimental devices
were used: CPCs modules; and flat reactor. Reaction kinetics is order one with respect to the pollutant (phenol or 2,4-DCP)
concentration. Two different kinetic constants were fitted from experimental data by considering only time influence on the
reaction rate or by considering the radiation influence and assuming that reaction rate is proportional to the square root of
photonic flow. In all cases, kinetic constant increases when catalyst concentration does it, reaches a maximum (at 0.5 g/l of
catalyst in the CPCs case, and at 0.2 g/l in the flat case), and after this maximum, decreases. When kinetic constants obtained
in the two utilities tested are compared, important differences were found when only dependence on time is considered.
However, results improve when radiation influence is considered, and the values obtained in both devices are more close.
This fact indicates the influence of reactor geometry and radiation on the reaction rate, and theirimportance in the scaling-up.
Finally, the efficiencies of CPCs and flat reactor are compared attending to the collector area needed to obtain the same
conversion in the pollutant treatment. It seems that CPCs work better, however several factors can influence (for instance,
weather: cloudy or sunny days) and more accurate studies are needed. ©1999 Elsevier Science B.V. All rights reserved.
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1. Introduction ditions are not the same. Thus, parameters have to be
estimated so that comparison can be made. In addi-
Photocatalysis can be an useful technique in the tion, the problem arises not only from the compar-
treatment of several pollutants. Studies have been car-isons, may be the most important problem is that one
ried out at laboratory level, and also at pilot plant referred to the extrapolation of results from one exper-
scale, showing the efficiency of photocatalytic meth- imental device to another, and the use of these results
ods in the removal of organic and inorganic contam- in the scaling-up.
inants [1-6]. However, comparison between results  The question is how to choose parameters that allow
obtained by different researchers is difficult, because to compare and scaling-up. The most important fact
experimental parameters are different. That is, when differentiating photocatalytic processes from classical
reactor geometry, radiation sources and operating con-heterogeneous catalysis processes is the presence of
light. This means that the role played by light has to
"+ Corresponding author. Tel.: +34-93-402-1293; fax: _be quant|f|e_d, and the parameters .deflnmg it have to be
+34-93-402-1291. introduced into the model describing the system. The
E-mail addressgimenez@angel.qui.ub.es (J. Ginez) reason is that, in photocatalytic processes, the catalyst
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(semiconductor) needs to absorb radiation to generate(2,4-DCP). Experiments were carried out at pilot plant

the electron/holeg /h™) pairs able to catalyze the
corresponding redox reactions.
On this way, let us to consider the solution of the

problem in successive steps beginning from the clas-
sical kinetic equations. In any photocatalytic process,

scale in the facilities of the PSA (Plataforma Solar
de Almeia, Spain), by using solar radiation. Data ob-
tained are used to evaluate the radiation entering the
systems and to estimate the kinetic conskantseful

in the way to scaling-up. Two different experimental

the reaction rate can be expressed in different forms devices have been used that allows us to prove the

considering different parameters. If only time influ-

goodness of the kinetic constants estimated, and also

ence on the concentration evolution is considered, the the experimental and computational ways proposed to

reaction rate is defined by equations like:
r=kf(c) (1)

wherer is the reaction rate (motfs—1), k the global
kinetic constant, anf{c) a function of concentration,
normally, a Langmuir—Hinshelwood—Hougen—Watson
function [7-18].

Expressions like Eq. (1) are valid only for the exper-

imental device used and fixed experimental conditions,

evaluate the entering radiation.

2. Experimental

All the experiments have been done in the facilities
installed at the PSA and these facilities have been
already described in other papers and technical reports
[19-25]. However, a simple and schematic view of

such as constant radiation reaching the reactor. Thatexperimental devices is shown in Figs. 1 and 2.

is, k varies when reactor geometry or radiation source

Several CPCs modules were used, being connected

or operating conditions are changed. This means thatin series and mounted on a fixed platform, at & 37
k is not useful for comparison between devices and angle (from ground) and facing south, to maximize

for scaling-up.

A first improvement, with respect to Eq. (1), con-
sists in the consideration of the radiation arrivitfg)(
at the surface of the collectors (walls of photoreactor,
mirrors, reflectors, etc.) of photoreactor:

r = kif(c)fi(Fi) )

wherefi(F;) is a function of radiation arriving at the
system, and; a new kinetic constant different frokn
For sure ki has more wide applications thanbut

its performance (the PSA is at +3Tatitude). Each
CPC module is 1.22 m wide and 1 m long and consists
of eight parallel CPC reflectors (152 mm wide) with
UV-transparent tubular receivers (ID 48 mm). The to-
tal volume of the system is 2471, and the volume use-
ful for reaction is 1081.

As shown in Fig. 1, in the CPCs, a solution of phe-
nol or 2,4-DCP with TiQ (Degussa P-25) in suspen-
sion was prepared in the reservoir tanks and fed to the
photoreactors. The system operated in a discontinuous

important parameters such as reactor geometry havemode and recirculating the solution. High flow rates
not been yet considered. Thus, more steps are needed(minimum 3.5 n? h—1) were used and perfect mixing

The next one is to consider the radiation enterifg (
the photoreactor:

r = kef () fe(Fe) 3)

wherefg(Fe) is a function of radiation entering the
photoreactor, an#le a new kinetic constant different
from k andk;.

This new kinetic constanke, improves the model

flow can be assumed. By using these experimental con-
ditions, the photodegradation achieved for the phenol
or 2,4-DCP was higher than in other conditions (for
instance, plug flow), and data treatment becomes eas-
ier. The oxygen necessary for the phenol or 2,4-DCP
oxidation enters the reaction medium by stirring in
reservoir tanks.

The flat reactor is a cylindrical tank (see Fig. 2) of

and allows us to consider the influence of the reactor 1.26 m diameter and 8 cm height, that means a vol-

geometry on the radiation entering the reaction cham-

ber.
Considering all that mentioned above, in this pa-

ume of 1001. Several tubes are located at the bottom
of it, through which circulates an air-flow, bubbling in
the solution to be treated through the holes made in

per we have studied, as reactions model, the photo-the tubes. In the flat reactor, the system operates in a

catalytic oxidation of phenol and 2,4-dicholorophenol

discontinuous mode. Thus, the solution of phenol or
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Fig. 1. Schematic view of PSA detoxification loop with CPCs modules.
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Fig. 2. Schematic view of PSA detoxification loop with flat reactor.

2,4-DCP with TiQ in suspension was prepared into Also, air supplies the oxygen necessary for the phenol
the reactor, and the catalyst was maintained in sus-or 2,4-DCP oxidation. Other possibility to maintain
pension by using the air stream, as it was mentioned catalyst in suspension, supplying the oxygen neces-
before. The air flow is high enough to assure a good sary, is to recirculate continuously the suspension by
stirring and perfect mixing flow can be considered. using a centrifugal pump, external to the tank. Both
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Table 1 Table 2
Experiments of photocatalytic degradation of phenol in CPCs mod- Experiments of photocatalytic degradation of 2,4-DCP in the CPCs
ules and flat reactor modules and flat reactor
Experiment ¢, pHo® pHY co® cf t9 xh Experiment c,® pHo® pHY co® cf 9 xn
(9l (ppm)  (ppm)  (h) (am (ppm)  (ppm)  (h)

PFO3 01 44 4.2 31 18 6 0.41 DFO1 01 6.6 714 56 46 4 0.18
PFO4 01 40 39 33 21 6 0.38 DF02 0.1 6.2 55 96 80 6 0.17
PFO5 01 4.2 4.0 38 23 6 0.38 DF03 0.2 5.9 3.9 93 67 5 0.28
PFO8 0.2 40 3.9 25 12 575 0.51 DFO04 05 6.2 4.3 a4 62 4 0.32
PFO09 0.2 4.2 4.3 12 6 6 0.54 DF05 05 7.6 4.9 98 79 55 0.19
PF10 02 42 41 33 18 6 0.46 DF06 1 5.9 4.8 96 66 45 031
PF11 05 33 3.2 23 13 5 0.42 DFO7 2 5.6 4.3 94 60 45 0.36
PF12 1 38 40 33 25 5 0.24 DCO01 0.1 46 3.6 89 46 4 0.48
PC02 01 33 3.8 29 11 6 0.62 DCO02 01 5.9 3.4 89 44 6 0.51
PCO03 02 41 3.7 33 6 6 0.80 DCO03 02 42 32 86 33 4 0.62
PC04 05 3.2 3.2 29 4 6 0.87 DCO04 05 4.2 3.4 91 29 4 0.68
PCO05 1 45 3.7 29 8 5 0.71 Dc05 05 59 4.2 94 61 55 0.35

a Experiment number. DCO06 1 60 39 91 41 45 055

b Catalyst concentration. DCo7 2 5.1 3.9 90 41 45 054

Clnitial pH. aExperiment number.

dFinal pH. b Catalyst concentration.

€lInitial concentration of phenol. Clnitial pH.

f Final concentration of phenol. dFinal pH.

9Total time for the experiment. €lInitial concentration of phenol.

" Percentual conversion. f Final concentration of phenol.

9 Total time for the experiment.
systems can ensure perfect mixing flow and good oxy- " Percentual conversion.
genation.

For each pollutant testing and in each experimental
device, catalyst (TigQ) concentration was varied be-
tween 0 and 2 g/l.

These two devices provide us experimental data un-
der different experimental conditions, because the use
of different geometry (tubular and flat) implies a dif-
ferent radiation model in each system. In addition and
referring to the radiation field, low concentrating sys- x o 0~ c(t) 4)
tems (CPCs modules) can be compared with systems o
without light concentration (flat reactor).

Phenol and 2,4-DCP were analyzed by HPLC, fol-
lowing the methodology already described in previous
papers [22]. TOC measurements were also carried
out for each sample. The pH measurements were also
made because they provide additional data, becaus
in the 2,4-DCP case, for example, its degradation
produces HCI, and pH has to decrease according to
2,4-DCP degradation.

1 and 2, respectively, for both experimental devices
used (CPCs and flat reactor). In each experiment, sev-
eral samples were taken during time, and the evolution
of concentration was followed.

The conversionX), appearing in Tables 1 and 2,
is calculated from the experimental data, according to
the expression:

wherecy is the initial concentration of pollutant, and
c(t) the pollutant concentration at time

As an example, Figs. 3 and 4 show the evolution
of the phenol and 2,4-DCP concentration during time
for experiments carried with a catalyst concentration
€f 0.5 g/l. The behaviour observed is the same for the
other catalyst concentrations tested.

According to literature and previous research of
this group, it is known that kinetics for phenol and
2,4-DCP photooxidation follows a first order de-
3. Results and discussion pendence with respect to the phenol or 2,4-DCP

concentration in the experimental conditions tested

The results obtained in the photocatalytic degrada- [7-9,11,15,17,18,22,24,26,27]. The equation to be
tion of phenol and 2,4-DCP are summarized in Tables used for the fitting of Tables 1 and 2 data depends on
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Fig. 3. Evolution of phenol concentration during time for experiments carried out in the flat reactor and in the CPCs modules at a catalyst
concentration of 0.5g/l (experiments PFO7 and PCO3 in Table 1).

100 ‘

90 \\ a Flat reactorJ
80 \\ \ = CPC's

. .
—

40 ~

30
20
10

0

[2,4-DCP] (ppm)

0 1 2 3 4 5
t(h)

Fig. 4. Evolution of 2,4-DCP concentration during time for experiments carried out in the flat reactor and in the CPCs modules at a
catalyst concentration of 0.5g/l (experiments DF04 and DCO04 in Table 2).

the flow model for the photoreactor. As commented in In (¢) = In (cg) — kt (6)
Section 2, perfect mixing flow model can be assumed Thus. if | thm of th . d
here, for both reactors tested (CPCs and flat). Thus, . us, It logarithm of the concentrations represente

mass balance for phenol or 2,4-DCP, assuming first in Figs. 3 and 4 are depicted in front of time, a linear
order kinetics. drives to the eql,Jation' ' relationship will be obtained. Fig. 5 shows the results

obtained when titania concentration was 0.5 g/Il. Sim-
de ilar results were obtained for the other catalyst con-
o= ke (5) centrations.

The global kinetic constant can be obtained from
wherek is the global kinetic constant, aedhe phenol the slope of the straight lines fitted for each experi-
or 2,4-DCP concentration at any time. The integration ment, that is, for each catalyst concentration. Variation
of the Eqg. (5) gives: of these global kinetic constants on catalyst concen-
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Fig. 5. Linearization of the variation of concentration of phenol or 2,4-DCP on time for experiments done in the flat reactor and in the
CPCs modules at a catalyst concentration of 0.5g/l (experiments shown in Figs. 3 and 4).
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Fig. 6. Variation of the global kinetic constark) (on catalyst concentration for experiments carried out in the flat reactor and in the CPCs
modules with phenol and 2,4-DCP (experiments of Tables 1 and 2).

tration is indicated in Fig. 6. It can be observed that hydrogen photoproduction from water photolysis and
the kinetic constant increases as catalyst concentrationsulfides [28—-31]. Some reasons can explain this fact.
does, reaching a maximum. This maximum appears For catalyst concentrations higher than a certain value
at values ofc, around 0.59/l in the case of CPCs, (for example 0.2 or 0.5g/I here) not all the catalyst
for both pollutants tested, and at valuescgfaround particles can see the light. Particles nearest to the sur-
0.2 g/lin the case of flat reactor. This fact points out the face of reactor can shade patrticles in the deep and/or
need of to consider the reactor geometry. For concen-can produce light scattering. On this way, both phe-
trations higher than this value, kinetic constant values nomena could drive to a decrease in the reaction rate.
begin to decrease. This behaviour has been observed From Fig. 6, it seems that CPCs give higher reaction
in other photocatalytic processes, for instance in the rates than flat reactor. However, just to now, only the
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influence of time on the reaction rate has been consid- lationship between radiation entering and radiation ar-
ered. That is, only the dependence of reaction ngte ( riving at the surface of collectors depends on the ge-
on phenol concentration has been taken into account,ometrical characteristics of the experimental device.

according to the function: In the case of CPCs modules, the aBgg can be
expressed as a function of the area of each CPCs mod-
r=kc () ule Smog, 1.22 nf) and the numbem,oq) of modules

As it was indicated in Section 1, when the reaction (two in our case):

rate is expressed by Eq. (1) or Eq. (7), the influence Scol = Sbmodbmod 9)

of the radiation entering the system is not considered.

This influence can be taken into account by using ex- In addition, the relationship betwe&handF. can be
pressions like Eq. (3 € kef(c)fe(Fe)). This topic will established through two factors: the efficiency factor
be developed in the next sections, and the specific ex-(®Pef) and the transmittance factor@<, ). The first
pressions for Eq. (3) will be deduced establishing dif- one is related to the characteristics of the system such
ferent kinds of dependence between the reaction rateas reactor geometry and position with respect to the

and the radiation entering the system. sun, which are considered independent on the wave-
length (the reflectance of the CPCs mirrors depends
3.1. Calculation of reactors efficiency only slightly on the wavelength). The transmittance

factor depends on the material (Teflon) from which the

The first step will be the study of the radiation field Walls of the photoreactor (CPCs modules) are made,
for the different reactors tested. That implies to use the @nd it depends on the wavelength. Thus, by consid-
actinometric and radiometric data for radiation calcu- NG Equations (8) and (9), and the last two factors
lations. The second step will be to introduce the radi- 9€fined, the radiation entering the CPCs modufes (
ation data into the Eq. (3) and calculate aekinetic eins/s) can be expressed as:
constants. oo Amax

As glready gxplalned in previous papers [22,24] the f _— ef mednmedWT(t)ZAf,\qﬁn (10)
radiation arriving at the surface of radiation collector Nahcy
(Fi, eins/s) can be expressed as:

Amin

The transmittance factord(, ) for the walls of the

ol Amax photoreactor comes from data provided by the sup-

F = mWT(’)Zm (8) plier its values are already listed in previous papers
A min [22]. The efficiency factor@es) has to be calculated

Sl is the CPCs or flat area able to receive radia- for each experimental system (CPCs modulles herg).

tion (m?), Ny the Avogadro’s number (6.02810%3), The procedure followed is based on the actinometric

A the wavelength (m),h the Planck’s constant reaction between the oxalic acid and uranile salt, as

(6.63x 10-34Js),cy the light rate (3x 108 m/s), Amin explain_ed in pr_evious papers [22,23,32—34]. This ac_ti—
the minimum wavelength in the spectrum of the radi- nometric rea(_:tlon has been widely described in the |IF-
ation source andmax the maximum wavelength that grature, and it has been demonstratgd th.at the reaction
can be absorbed by the solution into the photoreactors!S Z&r0 order with respect to the oxalic acid concentra-
and/or that allows to the generation ef/h* pairs, ~ U0n [35-37], if conversion is lower than 20%. Thus,
Wi (t) is the global radiation reaching the surface of the reaction rate is directly related to the radiation ab-

the collectors of the system at timéW/m?), andf; sorbed by the actinometer:

the fraction of global radiation at the wavelength, de

which is known from the radiation data obtained at » = - = f(Fabs (11)
the PSA by using a LICOR 1800 spectroradiometer,

as explained in previous papers [22-24,32,33]. wherer is the reaction rate (motts1), c the oxalic

However, only part of the radiation arriving at the acid concentration (mol/l) at time(s), andFgps the
experimental system enters the photoreactor. The re-radiation absorbed by the actinometer (eins/s).
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The radiation absorbed can be related to the radi-
ation entering by taking into account the optical way
followed by the radiation, and the absorption coef-
ficient (@), cm™1) for the reaction medium at each
wavelength. By considering Eqg. (10), the radiation ab-
sorbed by the actinometer can be expressed as:

Pet Shmodlbmod
Faps= ———— Wt (1)
abs NahCV
)Lmax
x Y (fill — expl—a; D)) @) 12)
Amin

whereD is the optical pathway, assumed to be equal
to the tube diameter (4.8 cm).

Following Eg. (11), the reaction rate can be ex-
pressed as a function of the radiation absorbed (Eq.
(12)) taking into account the quantum vyield,{ at
each wavelength for this actinometer:

dc DetSbmodbmod
— —  Telrbmodrmody,
dr ViNahoy 1)
546
x Y (AL - exp—an D) dr)  (13)
2=300

whereVr is the total volume of the system (1701, only
two CPCs modules were used).

Amin and Amax have been replaced by 300 and
546 nm, because 300 nm is the minimum wavelength
for the radiation used, and 546 nm is the upper wave-
length where this actinometer can absorb radiation.
The quantum yieldd; ) and the absorption coefficient
(«;) are reported in literature for this actinometric
reaction [35,37].

The integration of Eq. (13) is:

Pef Shmod?bmod
cty=cg— ———
VTNahCV

546

x Y Ofill — exp(—a, D))y ®12)

A=300

(14)

The experimental procedure for the experimental acti-
nometry is the following: the device used (feeding

tank, pipes and two CPCs modules) was filled with an
actinometric solution (0.05M oxalic acid and 0.01 M

uranyl salt). The solution was homogeneized in the
dark (the modules were covered). After that, covers
were removed and sunlight illuminated the modules,

J. Ginenez et al./Catalysis Today 54 (1999) 229-243

taking this time as zero and beirmg the oxalic acid
concentration at this moment. Samples were taken dur-
ing time, and the concentration of oxalic acic{t))

was measured by permanganate titration. Simultane-
ously, the radiation arriving at the CPCs was measured
by using a radiometer, being/ the total radiation
(J/n?) that has arrived at the CPCs from the initial
time (=0) up to the timd corresponding to the time
when each sample was taken. All the questions related
to the radiometric measurements have been already
explained in previous papers [22,23].

All the parameters appearing in Eq. (14) are known,
except®es. Thus, fitting of experimentat vs. radia-
tion drives to a straight line from which slogess can
be calculated, being in this case 0.755. This value rep-
resents the fraction of the radiation really entering the
photoreactor with respect to the maximum possible.

Similar explanations can be given for the flat re-
actor case with some little changes. In this case, the
surface &at, 1.25n?) over which radiation incomes
(S0l in the CPCs) is the top area of the flat reactor.)
In addition, the transmittance factor@<,) are not
necessary because radiation reaches directly the sur-
face of solution, and the efficiency factab §) can be
considered equal to one. Consequently, the radiation
entering can be expressed by:

S Amax
Fo= M wo Y 15
e Nahcv T( ))\. fA ( )
min

The actinometric experimental way to find the effi-
ciency factor for CPCs presents however some disad-
vantage. For instance, it has to be assumed a constant
optical path of photons through the reactor, and it is not
considered that the efficiency factor could vary with
the proportions of direct and diffuse radiation reach-
ing the system. A more sophisticated way to obtain the
efficiency factor and to correlate it with the fraction of
diffuse radiation and the inclination of the rays reach-
ing the device can be provided by simulation methods,
which are being now developed (see, as an example,
Figs. 7 and 8). This methodology allows us to calcu-
late the efficiency factor at each tihrom measure-
ments of direct and diffuse radiation and by taking
into account the day of the year, the solar hour and the
geographical situation of the device. Thus, depending
on the ratio between direct and diffuse radiation (dif-
ferent depending on the weather), the efficiency of the



J. Giménez et al./Catalysis Today 54 (1999) 229-243 237

Fig. 8. Diffuse radiation arriving to the CPCs modules and radiation reaching the CPCs tubes.

CPCs can be also different (see in Figs. 7 and 8 how that reaction rate depends on the square root of the

light arrives in different manner at the reactor). photonic flow [22,24]. This means that the reaction
Summarizing@es can be estimated from the exper- rate can be expressed as a function of pollutant con-

imental actinometric methods or by using these simu- centration and the square root of radiation absorbed

lation programs and radiation models just explained. in the photoreactor. That is, Eq. (3) takes now the ex-

Having determined the efficiency facto®§s), and pression:

with the equations described before, the CPCs mod-

ules and flat reactor are characterized from the point = _ ¢’ , (Fléz) c 17)

of view of the radiation field. Now, it is possible to dr ans

estimate the amount of radiation entering the photore-  The next question is what is the form of the func-

actor useful for photocatalytic experiments. The semi- tjon (f,) of radiation absorbed. This can be deduced by

conductor used as catalyst was 7j®@eing active in  considering the radiation absorbeghg) in the pho-

the spectral range of wavelengths between 300 andtoreactor. If there arm; particles of catalyst illumi-

385nm. Then, using Eg. (10), the useful radiation en- nated, the radiation absorbed by each particle will be

tering the photoreactor in a timean be expressed as:  F,uJn.. The radiation absorbed is proportional to ra-

diation entering Faps=ki1Fe), and the number of par-

385

Det Sbmodtbmod ticles illuminated depends on the illuminated surface
Fo=———"7"—Wr(t Afr @ 16 ) .

€ Nahcy T( )A—ZL%OO e (16) (nc=k2&). In the CPCs, the illuminated surface can

expressed by the following equation:

3.2. Calculation of kinetic constants St = nbmodi Tomod™ DL (18)

As known [9,15,16,38-40], the reaction rate de- wherenrmnog is the number of tubes in a module (8
pends on the photonic flow or on the square root of the tubes),D the diameter of a tube (4.8 cm), ahdthe
photonic flow. In this case, it has been demonstrated length of a tube (100 cm).
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By considering all the explained in the last para- . Shat Ua 385 12
graph, substituting Eq. (18) in Eq. (17), and taking Fra —kew[WT(t)] / c( Z Af,\>
into account thaFe is given by Eqg. (10), the reaction T{Naftcy 2=300
rate can be expressed by Eq. (19). The complete de- (21)
tails for the deduction of Eq. (19) from Eq. (17) have _ _ .
been already explained in previous papers [22]. As commented for the CPCs, the integration of this
equation, by using the Euler’'s method, drives to:
de D 31 Sy f1bmod 1 Tomod™ DL) D () — ke
3= e bm;:n(Nahcv)l/Z [Wr()]Y2¢ c(tiv1) = c(t;) — ke VT(Nahcv)l/zc(tl)At
385 1/2 i+1 P 385 172
X ( > md>n> (19) ) (WT (fj)Atj) ( > m) (22)
42300 =i A=300

By fitting data of Tables 1 and 2 (Experiments
This equation cannot be solved analytically because PF03-PF08, DF01-DF07), in the same manner than
Wr(t) changes in an unpredictable way during time in CPCs case, to Eq. (22), straight lines are also ob-
when sunlight is used as radiation source. This fact tained and, from their slopes, the kinetic constaats
can be overcame by developing Eq. (19) by the Euler’s can be calculated for each experiment. The values for

method in such way that it results: these kinetic constants are depicted in Fig. 9.
nbmod(Pef Sbmod? Tbmod™ D L) 3.3. Comparison between both reactors
c(tivr) = c(ti) — ke 13 c(ti)
V1 (Nahcey) /
i1 385 1/2 Comparisons between the reactors can be made by
1o . : i S
XAIZ(WT/ (t)AL)) Z AP regarding different parameters: thg kmetlg constants
=t 300 or the collector area needed to achieve a given conver-
(20) sion. Here, the kinetic constants obtained for all the

experimental devices tested are considered. The val-
ues are depicted in Figs. 6 and 9.
where At; is the interval of time in which measure- It may be easily observed (see Fig. 6) that it is dif-
ments of radiation are carried out (a minute in our ex- ficult to establish a clear trend in the kinetic constants
perimental system) anfit the interval of time between  calculated by considering only time. However, results
the timet; 11 andt;. From here and by using linear improve when reaction rate is assumed to be propor-
fitting methodske can be obtained. As differences of tional to the square root of the radiation entering. In
concentrations between two consecutive tirhesnd this case (see Fig. 9), the values obtained for the ki-
t;+1 are small, the Euler's method is assumed to be netic constants are closer to each other comparing the
applicable. reactors used. For that, from now we will work with
By fitting data of Tables 1 and 2 (Experiments the kinetic constants calculated assuming that reaction
PC01-PC04 and DC01-DCO07) to that equation, con- rate is proportional to the square root of the radiation
sideringWr at each time, straight lines are obtained entering.
and, from their slopes, the kinetic constakixan be As commented before, the values of the kinetic con-
calculated for each experiment. The values for these stants depend on the device. Thus, kinetic constant in-
kinetic constants are depicted in Fig. 9. creases as catalyst concentration does, and reaches a
A similar discussion can be done for the flat reactor maximum around a value @, that varies depending
but, here, the illuminated surfac&) is Sat. Then, on the device (see Figs. 4 and 5). The maximum ap-
by taking into account that radiation entering is given pears at a catalyst concentration of 0.2 g/l for the flat
now by the Eq. (15), the reaction rate can be expressedreactor, and at 0.5 g/l for the CPCs. These differences
as: can be attributed to the different geometry (tubular or
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Fig. 9. Variation of kinetic constank{) on catalyst concentration for experiments carried out in the flat reactor and in the CPCs modules
with phenol and 2,4-DCP, and by considering that reaction rate is proportional to the square root of radiation entering (the same experiments
than in Fig. 6).

flat) of the systems and the different radiation useful the quotients of the kinetic constants with the catalyst
in each case. concentration drives to the following equations:
Better comparisons can be made by calculating the
quotients (ratios) between the kinetic constants ob-
tained in the different reactors. Fig. 10 shows the re- "eflat
sults: each point is the quotient (ratio) of two kinetic It can be seen that the kinetic constants are also very
constants obtained for two different experimental de- close to each other. In any case, the influence of cat-
vices at the same catalyst concentration. Note that, if alyst concentration has been minimized.
we use the kinetic constantk) (obtained by consid- In the case of 2,4-DCP treatment, fitting of the vari-
ering only time influence, it is not possible to estab- ation of the quotients of the kinetic constants with
lish a clear trend neither for phenol nor for 2,4-DCP. the catalyst concentration allows us to obtain also a
It can be seen that, in the phenol case, the quotientstraight line, which equation is the following:
between thek obtained at CPCs and thHeobtained
at flat reactor increases when catalyst concentration eCPC _ 244 0.48¢p (24)
does it, and it seems to go to a plateau. However, in ~eflat
the case of 2,4-DCP, the quotient betwé&smbtained As a conclusion, it can be said that the use of the ki-
at CPCs and flat reactor increases when catalyst con-netic constants calculated by considering the square
centration increases, but it reaches a maximum, androot of the radiation entering minimizes the effect, on
after that, decreases. Thus, it is not possible to estab-the reaction rate, of the radiation used, geometry of the
lish a clear relationship between the two experimen- photoreactor and catalyst concentration. An example
tal devices tested, and it is difficult to determine what can explain us the importance of this fact. If we ob-
experimental device works better. served Fig. 10, we can see that, in the case of 2,4-DCP
When the reaction rate is considered to be propor- treatment with a catalyst concentration of 0.5g/l, the
tional to the square root of radiation entering, linear kinetic constantk) obtained by considering only time
relationships have been obtained for the variation, with is six times greater for CPCs than for flat reactor. How-
the catalyst concentration, of the quotients betwieen  ever, if we compare the kinetic constarits)(obtained
obtained at CPCs arld obtained at flat reactor. In the by considering that reaction rate depends on the square
case of phenol treatment, the fitting of the variation of root of radiation, at the same catalyst concentration

k
“eCPC _ 0744 1.11c (23)
p
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Fig. 10. Variation, on the catalyst concentration, of the quotient of the kinetic conskaat®l i) for experiments carried out in the flat
reactor and in the CPCs modules with phenol and 2,4-DCP, and by considering that reaction rate depends only on time or is proportional
to the square root of radiation entering (quotients between data of Figs. 6 and 9).

Cp=0.59/l, we can see th#t for CPCs is only two cause, then, closer values of kinetic constants for both
times greater thake for flat reactor. Thus, if we use  systems (CPCs and flat reactor) have been obtained,
k in the design of photoreactor, it seems that volume as commented in the previous section. Equations (20)
of flat reactor has to be six times greater than volume and (22) are useful to compare the evolution of con-
of CPCs, and by considering the entering radiation centrations. By setting a given conversion for both sys-
(ke) this proportion decreases to only two times. This tems, the differences Ioft)] — In(cp) have to be the
means that we can make an error of 200% when we same in the two equations. Thus, equalising Equations
compare both reactors, and consequently, the introduc-(20) and (22), it is obtained:

tion of radiation in the estimation of kinetic constant 1/2
implies a considerable improvement in the design and ?bmodC _ ker Kr Vrc Wre (25)
in the minimization of errors in the scaling-up. Stlat kec Kc VTF WTléz

For the phenol case, a similar behaviour was ob- N hat. | Vs and bind CandEh
served. By considering also a catalyst concentration of ote that, inke, Vr andWr, subindexes C an ave

0.5g/l, now,k obtained for CPCs is 3.2 times greater been added to indicate CPCs modules and flat reactor,
than this or,le obtained for flat reactor, wheréass respectivelyKc andKr can be easily dec_Juced from
only 1.3 times greater for CPCs than for flat reactor. Egs. (20) and (22) and they are, respectively:

The differences observed in the phenol and 2,4-DCP 385 1/2
behaviour can be attributed to the different properties g — ; Z A (26)
of these molecules which can influence, for instance, (Nahey)2 \ ==
on their adsorption on the catalyst surface, their ab-
sorption of light, and evidently on the reaction rate. 12 12 385 1/2
Comparison between flat reactor and CPCs modules Dot “SyprodnTmoa DL)/2
: c= > Ahen
can be also made by calculating the collector area (Nahcy)1/2 oo
needed in each case to obtain the same conversion, B 27)

that is the quotienScpdSiat-
We consider that reaction rate is proportional to the The collector area needed for the CPCs modules
square root of the radiation entering the reactor be- (Scpc) can be expressed as:



J. Ginenez et al./Catalysis Today 54 (1999) 229-243

Scpc
SbmodC

(28)

NpmodC =
and substituting in Eq. (25):

12
Scpc _ ker Kr V1c WT|/:

= — — ——~— SpmodC
St kec Kc VAF WTléz me

(29)

kec andker are related by Eq. (23):

This experimental equation can be introduced in Eq.
(29):

1/2
Scec _ Sbmodc  KF Vic WT|/I

= — 31
Stat  0.74+ 111e, Kc Vir wil2 (31)

For comparison, it is assumed that the total volumes
of both systems are equal. Thus, Eq. (31) becomes:
1/2

Scpec _ Spmodc  KF WT;/:
Stat 0.74+ 1.11cp Kc W_Ij_-éz

(32)
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All these factors seem to point out that flat reac-
tors are a low cost alternative to the traditional con-
centrating systems. However, more extensive study on
this system is necessary to establish the conditions
in which it could be advantageously used in front of
CPCs or other commercial systems.

4., Conclusions

Kinetics of photocatalytic degradation of phenol
and 2,4-DCP, by using Ti9suspensions as catalyst,
has been proved to be a first order reaction with re-
spect to the phenol or 2,4-DCP concentration, in the
range of catalyst concentrations tested (0-2 g/l).

Two kind of kinetic constants have been calculated.
The first one by fitting evolution of phenol or 2,4-DCP
concentration on time, and the second by fitting evolu-
tion of phenol or 2,4-DCP concentration on the square
root of radiation entering. The values of these con-
stants depend on catalyst concentration, utility used
and kind of dependence of radiation. In the CPCs, ki-
netic constant increases when catalyst concentration

In the case of 2,4-DCP, the same explanations can bedoes, reaches a maximum at 0.5 g/l, and after that de-

given, but in this casekec andker will be related by
Eq. (24). Thus, Eq. (32) becomes:

Scpc _ Spbmodc  KF WT1|/:2
Stat 244 - 0.48¢cp Kc w2

(33)

The efficiency of every device depends on the daily

weather. The incoming radiation to the systems is usu-

ally higher for the CPCs than for the flat reactor, being
similar in cloudy days. In this sense, CPCs should be
better. However, the fact that power number of both,
W, is 1/2 attenuates the benefits of CPCs use.

For the same catalyst concentration, for instance
1g/l, it results that, for a same degree of pollu-
tant degradationScpc area would be approximately
one-third of that required for the flat reactor (assum-
ing bothWr are equal). Nevertheless, this advantage

creases. In the flat reactor, kinetic constant also in-
creases with catalyst concentration, and the maximum
also appears here at 0.2 g/l.

Kinetic constants values for the two utilities tested
have been compared. Important differences have been
found when only dependence of phenol or 2,4-DCP
concentration on time is considered. However, by con-
sidering the reaction rate depending on the square root
of radiation entering, results improve. The closer con-
stants values for the last case (reaction rate propor-
tional to the square root of radiation entering) give an
indication of the importance of including radiation en-
tering in kinetic studies for photocatalytic processes.
This inclusion means to take into account the geometry
of the system (collector and reactor) and the catalyst
concentration, minimizing and including their effects
in the kinetic constant.

does not lead to conclude that CPCs are better than Finally, efficiencies of CPCs and flat reactor were

flat reactor. We have also to consider the low energetic compared attending to the collector area required to
costs of the flat reactor (no pumping for suspension is achieve the same phenol or 2,4-DCP conversion. From
required), almost null maintenance services (neither the experiments of this work, CPCs need a lower col-
reflective surfaces nor tubes have to be cleaned) andlector area than the flat reactor. At any rate, this con-
simplicity of construction (less cost of immobilized clusion could vary if weather changes (sunny or cloudy
capital). days), because the area criteria depend on radiation en-
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tering the reactor. However, from the economical point
of view, flat reactors are cheaper than CPCs and tech-
nically simpler (fabrication and maintenance). Thus,
more accurate studies are needed in order to collect

more data that help to clarify what system is better.

5. Nomenclature

c reactants concentration

Co initial concentration

Cp catalyst concentration

Cv light rate

c(t) concentration at time

D optical pathway

Fabs radiation absorbed

Fe radiation entering the system

Fi radiation arriving at the system

fi fraction of global radiation at wavelength
A

f(c) function of reactants concentration

fa(Fap9  function of radiation absorbed

fe(Fe) function of radiation entering the system

fi(Fi) function of radiation arriving at the system

h Planck’s constant

k global kinetic constant

ke kinetic constant considering radiation en-
tering the system

ki kinetic constant considering radiation ar-
riving at the system

L length of an illuminated tube

Na Avogadro’s number

Ne particles of catalyst illuminated

Nrmod number of modules of CPCs

NTmod number of tubes in a CPCs module

r intensive reaction rate

ol area of radiation collector

S total area illuminated

Sat top area of flat reactor

Snod area of each CPCs module

t time

VT total volume of the system

W total radiation arriving at the system (from
initial to final time)

W (t) global radiation reaching the surface of
collector at timet

X conversion
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6. Greek symbols

o absorption coefficient at wavelength
¢ quantum vyield
Dt efficiency factor
Doy transmittance factors
A wavelength
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